With resorcinol as sole source of energy and organic carbon, two stains of gram-negative, nitratereducing bacteria were isolated under strictly anaerobic conditions. Strain LuBResl was facultatively anaerobic and catalase-and superoxide dismutase-positive. This strain was affiliated with Alcaligenes denitrificans on the basis of substrate utilization spectrum and peritrichous flagellation. Strain L u F R e s l could grow only under anaerobic conditions with oxidized nitrogen compounds as electron acceptor. Cells were catalase-negative but superoxide dismutase-positive. Since this strain was apparently an obligate nitrate reducer, it could not be grouped with any existing genus. Resorcinol was completely oxidized to CO2 by both strains. Neither an enzyme activity reducing or hydrolyzing the resorcinol molecule, nor an acyl-CoA-synthetase activating resorcylic acids or benzoate was detected in cell-free extracts of cells grown with resorcinol. In dense cell suspensions, both strains produced a compound which was identified as 5-oxo-2-hexenoic acid by mass spectrometric analysis. This would indicate a direct, hydrolytic cleavage of the resorcinol nucleus without initial reduction.
tion, and several reactions modifying the aromatic nucleus or its substituents such as carboxylation , reductive dehydroxylation (G16ckler etal. 1989) or oxidation (Rudolphi etal. 1991) are known. Phloroglucinol and resorcinol, two aromatic compounds with hydroxy groups in meta-position to each other, are degraded without CoA activation because their mesomeric 7~-electron system is destabilized by a tautometic equilibrium. Reduction of phloroglucinol to dihydrophloroglucinol was shown with a Coprococcus strain (Patel etal. 1981) , with Eubacterium oxidoreducens (Krumholz etal. 1987) and Pelobacter acidigallici (Samain et al. 1986) , and a methyl viologen-dependent resorcinol reductase activity was found in a Clostridium sp. (Tschech and Schink 1985; Kluge et al. 1990) . Also a preliminary description of a nitrate reducer degrading resorcinol was presented recently (Kluge et al. 1990) .
In this study we report on nitrate-dependent degradation of resorcinol which appears to take a pathway different from that described for the Clostridium strain.
Material and methods

Sources of organisms
Strain LuBResl and strain LuFResl were isolated from samples of activated sludge and of digested anaerobic sludge of the municipal sewage plant in Tfibingen-Lustnau, FRG. Propionibaeterium freudenreichii subsp, shermanii (DSM 20270) and Eseheriehia eoli (DSM498) were obtained from the Deutsche Sammlung f/it Mikroorganismen, Braunschweig, FRG.
Media and growth conditions
All methods for enrichment and cultivation were essentially the same as described in an earlier paper (Widdel and Pfennig 1981) . The bicarbonate-buffered mineral medium contained 1 mM NazSO 4 as sulfur source, vitamin solution (Widdel and Pfennig 1981) , selenitetungstate solution (Tschech and Pfennig 1984) and the trace element solution SL 10 (Widdel et al. 1983 ), but no reducing agent. It was dispensed anoxlcally into test tubes or infusion bottles sealed with butyl rubber septa. Substrates and electron acceptors were added from sterile stock solutions. Growth experiments were carried out at 28 ~ Growth was followed by measuring turbidity in an Eppendorf 1101 M photometer at 578 nm (light path 1 cm).
Pure cultures were obtained by applying the agar shake culture method (Pfennig 1978) . In addition to microscopic control, purity of liquid cultures was checked by cultivation in complex medium (AC-medium, Difco Laboratories, Detroit, Mich., USA). The Gram type was determined after Magee et al. (1975) and Gregersen (1978) .
Escherichia coli and Propionibactermm freudenreichii were used as control organisms. Flagella staining was performed according to Blenden and Goldberg (1965) . The guanine-plus-cytosine content of the DNA was determined with the thermal denaturation method (Marmur and Doty 1962) .
Experiments with dense cell suspensions
Cell suspensions were obtained by harvesting cells in the late log phase by centrifugation under anoxic conditions for 20 min at 4 ~ and 3500 • g in a Sorvall (Newton, Conn., USA) RC-2B centrifuge. The pellet was washed once wath potassium phosphate or HEPES buffer (50 mM, pH 7.0) and resuspended in the same buffer. The turbidity was adjusted to O D 5 7 8 n m ca. 2.0. Substrate degradation was followed in 5 ml Hungate tubes. Samples were taken with syringes and preserved with H3PO 4 (100 mM). In some experiments, monofluoroacetate (0.5 to 1.0 raM) was applied as an inhibitor or 0.01% cetyltrimethylammonium bromide (CTAB) as a mild detergent.
Enzyme assays
Cell extracts were prepared by two runs through a French press at 140 MPa. Resorcinol reductase and 1,3-cyclohexanedione hydrolase were tested as described (Kluge et al. 1990 ). Catalase, superoxide dismutase, and enzymes of fatty acid fl-oxidation were measured by standard methods (Bergmeyer 1983) . Assays were performed using a Hitachi 100-40 spectrophotometer (Hitachi, Tokyo, Japan).
Acyl coenzyme A synthetase was assayed through quantification of the respective coenzyme A ester by high pressure liquid chromatography (HPLC) (Schnell and Schink 1991) .
Chemical analysis
Aromatic compounds were quantified by reversed phase HPLC (Brune and Schink 1990) . Peak identification was performed by on-line spectral scans with a Beckman 167 scanning variable wavelength detector and by comparison of retention times with those of reference compounds. Nitrite formation from nitrate was determined according to Prochfizkov~t (1959) . Nitrate was analyzed quantitatively after Lange and Vejdelek (1980) , poly-fl-hydroxybutyrate after Law and Slepecky (1962) . Determination of protein was carried out according to Lowry et al. (1951) .
Supernatants obtained from cell suspension experiments were extracted five times with chloroform and twice with ethylacetate, and the extracts were lyophilized. All steps were controlled by HPLC. For characterization of unknown compounds, UV-spectra were taken with a double-beam spectrophotometer (Uvikon 860, Kontron, Zfirich, Switzerland) against water or buffer as a blank.
Gas chromatographic-mass spectrometric analysis
Chemical ionisation (CI) with methane as reactant gas was performed on a Finnigan (San Jos6, Calif., USA) TSQ 70 mass spectrometer coupled to a 3400 Varian (Sunny Vale, Calif., USA) gas chromatograph. The ion source was held at a temperature of 149 ~ and a pressure of 1545 Pa. Column head pressure was set to 80 kPa. Electron impact ionisation (EI) was performed on a Hewlett-Packard (Cupertino, Cahf., USA) GC-MSD 5890/5971A system. The ion source was held at a temperature of 172 ~ and a pressure of 6.4 Pa. Column head pressure was set to 40 kPa.
Injector and transfer line temperatures for both systems were set to 230~ and 250~ respectively. An OV 1701 column, 
Results
Enrichment and isolation
E n r i c h m e n t cultures with 2 m M resorcinol and 8 m M s o d i u m nitrate were inoculated with activated sludge or a n a e r o b i c digestor sludge. After one day, gas f o r m a t i o n started, a n d five days later no resorcinol could be detected anymore. In subcultures, no a c c u m u l a t i o n of intermediates was observed. After six to seven transfers, the d o m i n a t i n g type of bacteria was isolated by two subsequent agar dilution series in m i n e r a l m e d i u m with 1 m M resorcinol a n d 4 m M s o d i u m nitrate. Isolates were checked microscopically after growth in mineral or complex medium. Strain L u B R e s l was isolated from a sample of activated sludge, strain L u F R e s l from a sample of a n a e r o b i c digestor sludge.
Cytological and morphological properties
Cells of strain L u B R e s l were slender rods, 1.7-3.5 • gm in size (Fig. 1) . The G r a m type was negative, a n d poly-fl-hydroxybutyrate was detected only Cells of strain L u F R e s l were short, oval rods, 2.7-3.3 x 1.5 gm in size (Fig. 1) , forming r o u n d inclusions in all growth phases. Poly-/~-hydroxybutyrate accumulated to 14% of cell dry matter. Cells stained Gram-negative and were motile by a single polar flagellum. The D N A base ratio was 66.5 + 0.5 tool%.
Physiology
Both strains grew at temperatures ranging between 10 ~ and 37 ~ with an o p t i m u m at 30 ~ The pH-range was 6.0 to 8.5 with an o p t i m u m between 7.2 and 7.6. G r o w t h was not inhibited by phosphate at concentrations up to 50 raM. Substrates utilized are listed in Table 1 . Both strains grew with citric acid cycle intermediates and with short-chain fatty acids or alcohols. Resorcinol and /~-resorcylate were the only aromatic substrates used by strain L u B R e s l , whereas strain L u F R e s l oxidized m a n y others, especially hydroxybenzoates and other compounds which are presumably degraded through benzoylCoA.
Strain L u B R e s l was facultatively anaerobic and grew under anaerobic conditions only with nitrate, nitrite or dinitrogen oxide as electron acceptor. The doubling time with 2 m M resorcinol was 6.2 h (g = 0.11 h -1) and only small amounts of nitrite were accumulated during growth. Amounts of resorcinol consumed were calculated after the following reaction equations: 5C6H60 2 + 2 6 N O~ + 2 H 2 0~3 0 H C O~ + 13N 2 + 4 H § 20 C6H602 + 44 HzO + 2 NO~ + 2 H + ~ 30 (C4HvO3) + Nz Strain L u F R e s l did not grow aerobically, not even at low oxygen pressure in oxygen gradient cultures. Thiosulfate, sulfite, or sulfur were not reduced. N o growth was detected either if K3[Fe(CN)6], Fe(OH)3, trimethylamine N-oxide, dimethylsulfoxide or fumarate (each 5 raM) was supplied as electron acceptor and ethanol (10 mM) as source of carbon and energy. The doubling time with resorcinol was 4.8 to 7.4 h (g = 0.09-0.14 h -l ) . Nitrate was reduced quantitatively to nitrite before the latter was further reduced to nitrogen. G r o w t h time courses for both strains are shown in Fig. 2 , electron recovery after growth with resorcinol in Table 2 . In contrast to strain LuBResl, no catalase activity was detected in cells of strain L u F R e s l . Superoxide dismutase activity was found with both strains.
Resorcinol transformation in cell suspensions
In dense cell suspensions (OD57s = 2.0) of strain LuBResl and strain L u F R e s l , resorcinol degradation was (Fig. 4) . No further absorption maxima at lower wavelengths were detected. A molecular mass of 128 was determined for this compound by electron impact ionisation analysis (Fig. 5a ) and was confirmed by a corresponding M + 1 base peak at a m/z value of 129 in the chemical ionisation spectrum (Fig. 5b) . A fragment with 43 m/z (85 m/z resp.), indicating ~-cleavage of a methylketone (CH3CO), accounts for 5-oxo-hexenoic acid. The location of the double bond should be between C2 and C3 for the following reasons: ~-cleavage of the methylketone, now in allylic position, is easy to conceive, and would also account for a stronger signal at 85 m/z instead of 43 m/z. 5-Oxo-2-hexenoic acid is the only compound for which all these mass spectrometric data fit.
Identification of a degradation intermediate
Enzyme activities
In extracts of strain LuBResl and strain LuFResl cells grown with resorcinol, no resorcinol reductase or 1,3-cyclohexanedione hydrolase activity could be detected. No acyl CoA synthetase activity with benzoate, 2-hydroxybenzoate, 4-hydroxybenzoate, 2,4-dihydroxybenzoate, or 2,6-dihydroxybenzoate as substrate was found either. No coenzyme A-dependent or hydrolytic cleavage ofresorcinol could be detected in cell extracts. 3-Hydroxyacyl CoA dehydratase (E.C. 4.2.1.55.) activity in resorcinol-grown cells of strain LuFResl was detected at 5.2 U per mg protein, 3-hydroxybutyryl CoA dehydrogenase (E.C. 1.1.1.35) activity at 0.26 U per mg protein and/%ketothiolase (E.C. 2.3.1.16) activity at 6.2 U per mg protein. In resorcinol-grown cells of strain LuBResl, the following enzyme activities were detected: 3-hydroxyacyl CoA dehydratase at 2.5 U per mg protein, 3-hydroxybutyryl CoA dehydrogenase at 0.03 U per mg protein and/%ketothiolase at 1.6 U per mg protein.
Discussion
An obligately nitrate-reducing bacterium
In the present paper, we report on enrichment and isolation of denitrifying bacteria able to grow anaerobically with resorcinol and nitrate. Two strains were obtained, one from activated sludge, and the other one from anoxic sewage sludge. Both reduced nitrate to nitrite and lateron to molecular nitrogen but, in contrast to strain LuBResl, strain LuFResl was unable to carry out any kind of energy metabolism in the absence of oxidized nitrogen compounds. Since no other electron acceptor was used and fermentative substrate degradation did not occur either strain LuFResl has to be considered as an obligately nitrate-reducing bacterium. All other nitrate-reducing bacteria described so far are either facultatively aerobic, or are fermenting bacteria. The latter reduce nitrate either to nitrite or to ammonia such as Clostridium strains or some sulfate-reducing bacteria (Krieg and Holt 1984) . Even Thiomicrospira denitrificans is able to carry out an oxidative metabolism with oxygen as terminal electron acceptor if the p O 2 is lower than 0.5% (Staley et al. 1989) .
Strain LuFResl is the first bacterium that depends obligately on oxidized nitrogen compounds for growth, and converts them finally to dinitrogen as reduced product. Isolation of this bacterium was possible only because we used strictly anoxic cultivation techniques throughout; in other labs, enrichment for nitrate reducers are usually performed in the presence of considerable amounts of leftover oxygen in the media. There may be many more obligate nitrate reducers out in nature that have been overlooked so far because they can be isolated only under strictly anoxic conditions.
Resorcinol degradation through hydrolysis
Experiments with dense cell suspensions showed rapid degradation of resorcinol (Fig. 3) . Simultaneously, an unknown compound accumulated which reached a maximum concentration when resorcinol was almost completely degraded. No resorcinol degradation was found in the absence of an electron acceptor, or if cells were permeabilized by CTAB. Obviously, resorcinol degradation and production of the unknown compound were possible only with intact cells able to carry out energy metabolism. The unknown compound exhibited a single absorption maximum at 270 nm in the UV-spectrum (range from 200 to 350 nm) and could be distinguished well from resorcinol or any other aromatic compound. Results of mass spectrometric analysis supported the assumption that a non-aromatic compound is produced by these cell suspensions. The M + 1-ion (129 m/z) obtained from chemical ionisation (Fig. 5b) indicates a molecular weight of 128. Direct hydrolytic cleavage of resorcinol would gain a compound with this molecular weight. Theoretically, two different compounds are conceivable as cleavage products: 5-oxo-2-hexenoic acid and 5-oxo-3-hexenoic acid (Fig. 6) . 5-Oxo-3-hexenoic acid is an c~, #-unsaturated ketone which would correspond to (1) resorcinol, (2) 5-oxo-2-hexenoic acid, (3) 5-oxo-3-hexenoic acid a strong absorption maximum at about 215 nm (re-re* -transition) and a weak one around 320 nm (n ~* transition). On the other hand, a molecule with an isolated oxo-group absorbs neither between 200 and 230 nm, nor between 300 and 340 nm. Since the UV-spectra showed only a single absorption maximum at 270 nm within the range of 200 to 350 nm, the unknown compound should be the 5-oxo-2-hexenoic acid.
The mass spectrum fragmentation pattern obtained by electron impact ionisation (Fig. 5a ) confirms the photo-spectrometrical data. The prominent ions had 43 and 85 m/z. An e-cleavage (removing a non-binding electron from a heteroatom and cleaving in e-position to this heteroatom) between C-atom 4 and C-atom 5 would lead to these fragments. In case of 5-oxo-2-hexenoic acid, ions with 43 and 85 m/z would be the predominant ones; in contrast, 5-oxo-3-hexenoic acid would create only small amounts of the latter, if at all. Therefore all results obtained from spectrophotometrical and mass spectrometrical analysis point to 5-oxo-2-hexenoic acid as the unknown compound produced by cell suspensions. Unfortunately, there is no standard reference compound available to further confirm this statement.
Resorcinol reductase and 1,3-cyclohexanedione hydrolase could not be detected in extracts of the denitrifying strain LG 245 (Kluge et al. 1990 ). The same is true for our strains LuBResl and LuFResl. Since 1,3-cyclohexanedione and 5-oxo-caproate were not used either as growth substrates we assume that denitrifying bacteria use a pathway for anaerobic resorcinol degradation different from the reductive pathway of fermenting bacteria.
There was no indication either of resorcinol degradation via benzoyl-CoA: degradation did not depend on CO2, and extracts of both strains activated neither, benzoate nor 2-hydroxybenzoate, 4-hydroxybenzoate, 2,4-dihydroxybenzoate or 2,6-dihydroxybenzoate in the presence of CoASH, ATP and MG 2 +.
Results from cell suspension experiments indicate that the new pathway suggested here starts with direct hy-drolytic cleavage of resorcinol to form 5-oxo-2-hexenoic acid as first product. Unfortunately, this activity could not be demonstrated in cell-free extracts. Perhaps the aromatic ring is cleaved after intermediate reduction and subsequent reoxidation, t h r o u g h an enzyme system that is destroyed during cell disintegration. After activation by enoyl C o A synthetase, further degradation of 5-oxohexenoic acid would be possible by enzymes of the well-known pathway of fatty acid /~-oxidation. High activities of 3-hydroxyacyl C o A dehydratase, 3-hydroxyacyl C o A : N A D oxidoreductase and /3-ketothiolase were detected indicating that this pathway is used by our isolates.
Taxonomy
Because o f its strictly oxidative metabolism, gram-negative cell wall architecture, peritrichous flagellation, positive catalase reaction, and a guanine-plus-cytosine content o f the D N A o f 69.4 + 0.4%, strain L u B R e s l can be grouped with the genus Alcaligenes. Since adipate was used as growth substrate and nitrite as terminal electron acceptor, affiliation to the species Alcaligenes denitrificans appears justified (Krieg and Holt 1984) . Strain L u F R e s l cannot be attributed to any k n o w n species because it reduces nitrate to dinitrogen, and is not able to grow aerobically. Experiments in test tubes with agar medium indicated that even with low oxygen concentrations no growth occurred, possibly due to the observed lack of catalase activity. The p h e n o m e n o n of an obligately nitrate reducing metabolism requires further study in the future.
